The distribution of the perikarya of endogenous digitalis-like substance (EDLS)-containing neurons in the rat hypothalamus was studied by immunohistochemistry using digoxin and digitoxin antiserum. In addition, the possible coexistence of EDLS and posterior lobe hormones was examined using an immunohistochemical double-staining technique. Digoxin-like immunoreactive neurons were demonstrated in the paraventricular and supraoptic nuclei and other hypothalamic areas. However, digitoxin -like immunoreactive neurons were not detected in the hypothalamus. A portion of the digoxin-like immunoreactive neurons showed immunoreactivity for vasopressin or oxytocin. From these results, it is suggested that these digoxin-like immunoreactive neurons correspond to "EDLS-producing neurons," and that EDLS seems to act not only as a natriuretic substance but also as a neurohormone or neurotransmitter.
Summary.
The distribution of the perikarya of endogenous digitalis-like substance (EDLS)-containing neurons in the rat hypothalamus was studied by immunohistochemistry using digoxin and digitoxin antiserum. In addition, the possible coexistence of EDLS and posterior lobe hormones was examined using an immunohistochemical double-staining technique. Digoxin-like immunoreactive neurons were demonstrated in the paraventricular and supraoptic nuclei and other hypothalamic areas. However, digitoxin -like immunoreactive neurons were not detected in the hypothalamus. A portion of the digoxin-like immunoreactive neurons showed immunoreactivity for vasopressin or oxytocin. From these results, it is suggested that these digoxin-like immunoreactive neurons correspond to "EDLS-producing neurons," and that EDLS seems to act not only as a natriuretic substance but also as a neurohormone or neurotransmitter.
Since DE WARDENER et al. (1961) first suggested the existence of the renal sodium excretion regulating factor through a cross-circulation study, many biochemical and physiological studies to isolate, purify and characterize this factor have been undertaken. In spite of these studies, the chemical nature of this factor has not yet been demonstrated; yet it has been generally accepted that this factor has intense natriuretic activity as a result of the inhibition of renal Nat, K+-ATPase activity (GONICK et al., 1977) . Recently, GRUBER et al. (1980) and KELLY et al. (1985) have shown that a low-molecular-weight natriuretic factor that inhibited the activity of Nat, K-ATPase had cross-immunoreactivities with digoxin-antibodies but not with digitoxin-antibodies, although digoxin and digitoxin are cardiac glycosides extracted from Digitalis lanata and Digitalis purpurea respectively and the chemical structure of digoxin is very similar to that of digitoxin. Because the immunological properties of this low-molecular-weight natriuretic factor are similar to those of digoxin and digoxin inhibits the activity of Nat, K+-ATPase, this natriuretic factor has been named the endogenous digitalis-like substance (EDLS) (GRUBER et al., 1980) . Since then radio-immunoassay with digoxin-antibodies has been commonly utilized to detect EDLS indirectly (KLING-MULLER et al., 1982; KELLY et al., 1985 ; KRAMER et al., 1985) .
On the other hand, many investigators have provided experimental evidence supporting the view that the hypothalamus is the source of EDLS (FISHMAN, 1979; HAUPERT and SANCHO, 1979; ALAGHBAND-ZADEH et al., 1983; BEALER et al., 1983 , MORGAN et al., 1985 TAKAHASHI et al., 1986) . However, there have been no morphological studies on the localization of EDLS in the hypothalamus, because its chemical nature has not been established. Thus, for the first time, we applied immunohistochemistry using digoxin-antiserum to ascertain the existence of EDLS in the brain, and reported in a rapid communication that: 1) digoxin-like immunoreactive neurons were distributed in the supraoptic and paraventricular nuclei of the rat and macaque; 2) immunoreactive cells were not detected in the anterior lobe of the pituitary gland, adrenal gland, or kidney of the rat; and 3) the digoxin-like immunoreactivities were not absorbed with oxytocin or Arg-vasopressin, though the distributional patterns between the oxytocin or vasopressin neurons and digoxin-like immunoreactive neurons in the nuclei were very similar (YAMADA et al., 1987a) .
Recently, the coexistence of different neurotransmitters, such as bioactive peptides and monoamines, in identical neurons of the nervous system has been widely demonstrated. In the present study the distribution of the perikarya of EDLS-containing neurons was investigated in detail; furthermore, the possibility of the coexistence of digoxin-like immunoreactive substance and posterior lobe hormones in the same neurons was examined using an immunohistochemical double-staining method.
MATERIALS AND METHODS
Ten male Wistar rats, weighing 200-250 g, were used in this study. Five rats were injected with colchicine (100ug in 20ul saline) into the lateral ventricle 24h before sacrifice. Under Nembutal anesthesia, the animals were perfused transcardially with phosphatebuffered saline (PBS:0.1M phosphate buffer containing 0.9% NaCl, pH 7.2), followed by 300ml of a fixative containing 0.5% glutaraldehyde, 4% formaldehyde, and 0.2% picric acid in 0.1M phosphate buffer (pH 7.0) at 4C; and then 300 ml of 4% formFigs. 1-3. Digoxin-like immunoreactive neuronal somata in the rat hypothalamus using the ABC method. aldehyde, 0.2% picric acid and 0.2% acetic acid fixative; and then 300ml of 4% formaldehyde fixative. The brains, removed from the skulls, were further immersed in the 4% formaldehyde fixative for 12 h at 4C. Free-floating serial sections (20pm thick) were obtained with a "cryocut" after hypothalamic tissues were rinsed with 20% sucrose solution. The sections were successively incubated in: 1) digoxin antiserum (1:10,000) for 72h or digitoxin antiserum (1:1,000) for 120h at 4C; 2) biotin-labeled anti-rabbit IgG for 150 min; 3) avidin-biotin-peroxidase complex solution for 90min. These antibody solutions were diluted with PBST (0.1 M phosphate-buffered saline containing 0.3% Triton X-100). The immunoreactive substance, colored with 3, 3-diaminobenzidine (DAB), was enhanced with osmication.
Immunohistochemical double staining
After the digoxin-immunohistochemistry and DAB reaction, the sections were washed in PBST containing 0.1% NaN3 for 12 h, and then successively incubated in :1) rabbit Arg-vasopressin-or oxytocin-antiserum (1:10,000) for 48 h at 4C; 2) goat anti-rabbit IgG (1:200) for 3 h; 3) peroxidase-antiperoxidase complex (1: 200) for 1 h, and 4) 4-chloro-l-naphthol in Tris-HC1 buffer (pH 7.6) containing H2O2 for 15 min. For control staining, some sections were incubated in 4-chloro-1-naphthol solution without incubating antibodies (1)-(3); products of this reaction were not detected. These immunohistochemical procedures were based on our previous report (YAMADA et aL,1987b) . The digoxin antiserum (MBL Co. Ltd., Japan; lot No. 02-71, 02-61) and digitoxin antiserum (MBL Co. Ltd., Japan; lot. No. 02-64) were obtained by immunizing rabbits with digoxin or digitoxin coupled with BSA using a periodate oxidation method (SMITH et a.,1970) . The digoxin and the digitoxin antibodies utilized in this study have very similar antibody titer. The specificity of the immunohistochemistry using oxytocin and vasopressin antiserum (KAWATA and SANG, 1982) , or digoxin antiserum (YAMADA et a., 1987a) has been reported elsewhere.
RESULTS

Immunohistochemistry using digoxin antiserum
The neuronal somata (20-40um in diameter) containing immunoreactivities were mainly located in the magnocellular nuclei of the hypothalamus, i.e., the paraventricular nucleus, particularly in its magnocellular part, as in the supraoptic nucleus, and also its retrochiasmatic region and accessory nuclei (Figs. 1-3) . A few reactive neurons were also scattered in the penventricular, preoptic, anterior hypothalamic, and lateral hypothalamic areas. The distribution of immunoreactive perikarya in the rat hypothalamus is given in Figure 5 .
The immunoreactive materials could be observed as dark brown dots, and were diffusely distributed in the cytoplasm of the magnocellular neurons. The distribution of the digoxin-like immunoreactive neurons could be demonstrated in the hypothalamus of the nontreated control rats, but their reactivity was weaker than that in the colchicine-pretreated animals.
Immunohistochemistry using digitoxin antiserum
Digitoxin-like immunoreactive neurons could not be detected in any part of the hypothalamus (Fig. 4) .
Double immunohistochemical staining
By means of the PAP technique using vasopressin or oxytocin antiserum and 4-chloro-l-naphthol, most of the magnocellular neurons in the paraventricular, supraoptic and their accessory nuclei were shown as fine dark blue granules. In the paraventricular nucleus, vasopressin neurons were localized in the dorsolateral part, while oxytocin neurons were present in the peripheral part. In the supraoptic nucleus, vasopressin neurons predominated in the dorsal part, while oxytocin neurons predominated in the ventral part. After double immunohistochemical staining using either the vasopressin and digoxin antiserum or the oxytocin and digoxin antiserum, the dark brown dots indicating the digoxin-like immunoreactive substance and fine dark blue granules indicating the neurohormone were demonstrated to coexist in the cytoplasm of neurons. This coexistence of differently colored precipitates was detected in a large number of vasopressin neurons (Fig. 6) , as well as in a small number of oxytocin neurons (Fig. 7) . A few magnocellular neurons showing only dark brown dots were distributed in the magnocellular nuclei (Figs. 6, 7) .
DISCUSSION
Although the chemical nature of EDLS has not been established, EDLS has been detected indirectly by the following methods: 1) assay for the capacity to inhibit Nat, K+-ATPase activity; 2) radioreceptor binding assay for the capacity to displace [3H]-ouabain from its binding site; 3) assay for the capacity to inhibit Na+ pump activity in human erythrocytes; and 4) radio-or enzyme-immunoassay using digoxin antibody. Many investigators (FISHMAN, 1979; HAUPERT and SANCHO, 1979; ALAGHBAND-ZADEH et al., 1983; MORGAN et al., 1985) have biochemically confirmed that the hypothalamus contains Nat, K+-ATPase inhibitor(s). In addition, BEALER et al. (1983) showed that lesions to the preoptic area of the hypothalamus caused a reduction of natriuresis to volume expansion. Thus, we took note of the immunological property that EDLS cross-reacts with digoxin-antibodies but not with digitoxin-antibodies (GRUBER et al., 1980; KELLY et al., 1985) , and employed an immunohistochemical approach using digoxin-and digitoxinantibodies to determine the distribution of EDLS in the hypothalamus.
The present study topographically shows the distribution of digoxin-like immunoreactive neuronal perikarya, which were recognized mainly in the supraoptic, paraventricular, and accessory supraoptic nuclei. Although the reaction condition of digitoxin-immunohistochemistry in this study was more intensive than that of digoxin-immunostaining, no immunoreactivity after incubation in digitoxin-antiserum could be detected. From the present and previous (YAMADA et al., 1987a ) results, it is considered that these digoxinlike immunoreactive neurons correspond to the EDLS-producing neurons. NAKANE (1968) reported on combination-staining by indirect immunoperoxidase techniques using 3, 3'-diaminobenzidine and 4-chloro-1-naphthol. Moreover, STERNBERGER and JOSEPH (1979) applied the PAP method to double immunohistochemistry with these two chromogenic substrates. The present study, using combined immunoperoxidase techniques, has indicated that some of the digoxin-like immunoreactive neurons also contained vasopressin or oxytocin. However, the biological significance of the coexistence of EDLS and posterior lobe hormones in identical neurons is not clear.
By means of radio-immunoassay using specific digoxin-antibody, TAKAHASHI et al. (1986) reported that the highest concentration of the immunoreactive substance in the rat was detected in the pituitary gland and the second highest concentration was in the hypothalamus. Furthermore, they showed that sodium loading decreased the amount of the immunoreactive substance in the hypothalamus while increasing the urinary excretion of this substance. On the other hand, we have demonstrated that digoxin-like immunoreactive fibers were distributed in some areas of the hypothalamus and infundibulum (YAMADA et al., 1987a) . From these results, including the present investigation, it may be considered that EDLS acts as a neurohormone or neurotransmitter.
Further studies are necessary to elucidate the EDLS-producing neuron system. GRUBER, K. A., J. M. WHITAKER and V. M. BUCKALEW,
